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An understanding of the nature of immunity to serogroup B meningococci in childhood is necessary in order
to establish the reasons for poor responses to candidate vaccines in infancy. We sought to examine the nature
of humoral immune responses following infection in relation to age. Serum bactericidal activity was poor in
children under 12 months of age despite recent infection with Neisseria meningitidis. The highest levels of
bactericidal activity were seen in children over 10 years of age. However, infants produced levels of total
immunoglobulin G (IgG) and IgG subclass antibodies similar to those in older children in a meningococcal
enzyme-linked immunosorbent assay. Most antibody was of the IgG1 and IgG3 subclasses. This striking age
dependency of bactericidal antibody response following infection is not apparently due to failure of class
switching in infants but might be due to qualitative differences in antibody specificity or affinity.

In the 111 years since the first isolation of Diplococcus in-
tracellularis meningitidis (Neisseria meningitidis), investigation
of the nature of human immunity to the organism has been
considerable (17). It now seems clear that for serogroup A and
C organisms the most important mechanism which confers
protection is complement-mediated lysis by bactericidal anti-
body, because (i) there is an inverse relationship between se-
rum bactericidal activity and the age-related incidence of dis-
ease (13), (ii) military conscripts with low bactericidal activity
were more susceptible to disease (14, 16), (iii) individuals with
complement deficiency are susceptible to repeated attacks of
meningococcal disease (33), and (iv) serogroup A and C poly-
saccharide vaccine induces bactericidal antibody and confers
protection (3, 37, 45, 55).

These bactericidal responses to serogroup A and C menin-
gococci are thought to be directed chiefly at polysaccharide.
The antibody response following serogroup C polysaccharide
vaccination is predominantly immunoglobulin G2 (IgG2) in
children (30), and both IgG1 and IgG2 are generated in re-
sponse to serogroup A meningococcal polysaccharide vaccina-
tion (40). Since there is a relative deficiency of IgG2 in early
childhood, poor bactericidal responses to bacteria encapsu-
lated in polysaccharide would not be unexpected (41, 51).

For serogroup B organisms, the nature of acquired immu-
nity is less clear. The same inverse relationship between age
and bactericidal activity of serum against serogroup B organ-
isms has been described for both healthy children (13) and
vaccinees (31). There are also data showing a relationship
between age and absolute antibody levels (7), but there are no
data showing that low bactericidal antibody levels precede in-
vasive disease. Indeed, both Rosenqvist et al. (42) and Harthug
et al. (21) have found similar enzyme-linked immunosorbent

assay (ELISA) antibody levels in controls and in patients with
meningococcal disease on admission to a hospital. One study,
however, found that the development of bactericidal antibod-
ies after vaccination was age dependent and in good agreement
with the results of a case-control study (31).

The polysaccharide capsule of serogroup B organisms is
poorly immunogenic (56), and vaccine interest has therefore
focused on outer membrane proteins (OMPs) (39). Immuno-
genicity studies have shown that bactericidal antibody follow-
ing vaccination with various OMP preparations is directed
chiefly at the serosubtype PorA protein, and recent vaccine
trials have concentrated on this component in the vaccines
used (36, 43). Antibody directed against OMPs has been shown
to be bactericidal (24). However, there have been poor re-
sponses to OMP vaccines in young children in terms of both
efficacy and bactericidal antibody induction, and bactericidal
activity has been strain specific (6, 10, 35, 47, 50). The dose
schedule may be important in both vaccine response and in-
duction of cross-protective antibodies (38, 44). After both in-
fection and vaccination, the major antibodies produced are of
subclasses IgG1 and IgG3, and these antibodies have the high-
est activity against OMP antigens (19, 48). IgG1 and IgG3 are
both complement-fixing antibodies, and generation of ade-
quate levels of these subclasses might be important in bacte-
ricidal activity against serogroup B meningococci and could be
age dependent. Poor production of antibody subclasses in re-
sponse to bacteria, particularly that of IgG2 (8, 41) and IgG3
(12), in early childhood has been previously documented.

An outer membrane vesicle (OMV) vaccine, developed in
The Netherlands, is hexavalent by virtue of its preparation
from two genetically modified strains based on H44/76 (B:15:
P1.7,16), each expressing three different PorA proteins (54).
One or more of these porins are expressed by a majority of the
serogroup B strains currently causing infection in the United
Kingdom. If it is satisfactorily immunogenic, the vaccine could
give the potential for immunization against most clinically rel-
evant strains of N. meningitidis of all serogroups (9, 34). In
order to study the development of bactericidal activity in re-
sponse to this hexavalent vaccine, a set of six strains based on
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H44/76, each differing only in their surface expression of PorA,
were constructed (52, 53). With these six strains, the present
study was undertaken in order to document changes in serum
bactericidal antibody activity in relation to (i) age and (ii) PorA
expression by N. meningitidis both in children who had recov-
ered from invasive meningococcal infection and in healthy
children.

Since vaccine immunogenicity and efficacy are poor in young
children, we postulated that there might be age-dependent
differences in bactericidal activity or specific immunoglobulin
subclass levels after infection. Evidence was sought for age-
related changes in (i) functional antibody by the serum bacte-
ricidal assay and (ii) immunoglobulin production by whole-cell
ELISA both following meningococcal infection and in healthy
controls.

MATERIALS AND METHODS

Subjects. Venous blood was obtained 9 weeks (median) after the onset of
meningococcal sepsis from 71 children who presented to the pediatric intensive
care unit in the Department of Paediatrics at St. Mary’s Hospital with a clinical
diagnosis of meningococcal disease in 1997. All children had typical clinical
features of severe meningococcal disease, and meningococcal infection in 47
children was confirmed by isolation of N. meningitidis from blood culture or
throat swab, by detection of capsular antigen in blood or cerebrospinal fluid, or
by detection of the meningococcal genome by PCR analysis of blood. Typing was
available for 36 clinical isolates (Tables 1 and 2). Blood was also obtained from
19 siblings of meningococcal disease patients and from 109 otherwise healthy
control children who were either undergoing routine surgery or recruited as
controls in another study of genetic factors in meningococcal infection. Sixteen
adult volunteers from the Department of Paediatrics also provided a blood
sample. Fewer sera were available for bactericidal study (Tables 1 and 2). Serum
was separated from whole blood, and aliquots of each sample were stored at
270°C until use. Ethical approval was obtained from the St. Mary’s Hospital
local research ethics committee, and informed parental consent for blood sam-
pling was obtained.

Bacterial strains. N. meningitidis MC58 and H44/76 and its derivatives are
described in Table 3. H44/76 and its derivatives were constructed at the Labo-

ratory of Vaccine Development and Immune Mechanisms, National Institute for
Public Health and the Environment, Bilthoven, The Netherlands. The strains
were derived by exchange of the parent porA gene with functional porA alleles
from five different donor strains (36). Whole-cell ELISAs (1, 2) were performed
with a panel of epitope-specific monoclonal antibodies to verify the pattern of
OMP expression for each of the bacterial strains. Strains were grown overnight
on gonococcal medium base (Difco, Detroit, Mich.) containing 1% Vitox (Oxoid,
Basingstoke, United Kingdom) at 37°C in 5% CO2. The six strains were har-
vested by using a sterile cotton swab and stored in aliquots at 270°C suspended
in Mueller-Hinton broth (Oxoid) with 15% glycerol, and the same set of vials was
used for all experiments.

Antibodies. The PorA-, PorB-, and class 4-specific mouse monoclonal anti-
bodies for whole-cell typing (from the Laboratory of Vaccine Development and
Immune Mechanisms, National Institute for Public Health and the Environment,
Bilthoven, The Netherlands) were as follows: MN16C13F4 (anti-P1.2),
MN22A9.19 (anti-P1.5), MN14C11.6 (anti-P1.7), MN20A7.10 (anti-P1.12),
MN24H10.75 (anti-P1.13), MN3C5C (anti-P1.15), and MN5C11G (anti-P1.16).
Class 4 OMP was detected with MN2D6D, and PorB (serotype 15) was detected
with MN15A14H6. B306 anti-Opc was kindly provided by M. Achtman, Berlin,
Germany. Anti-human IgG and IgM were purchased from Sigma (Poole, United
Kingdom). Anti-human IgG1, IgG2, and IgG3 were from ICN (Costa Mesa,
Calif.), and IgG4 was from Pharmingen (San Diego, Calif.).

Whole-cell ELISA for immunoglobulin subclasses. Immunoglobulin class or
subclass titers to H44/76 (B:15:P1.7,16) were determined by ELISA, using an
adaptation of an ELISA developed for OMP serology (1, 2), as described below.
Briefly, H44/76 was grown overnight on gonococcal medium base (Difco) con-
taining 1% Vitox (Oxoid) at 37°C in 5% CO2. Bacteria were harvested by using
a sterile cotton swab and suspended in phosphate-buffered saline (PBS) prior to
heat killing in a water bath for 1 h at 56°C. Ninety-six-well high-binding ELISA
plates (Greiner, Stonehouse, United Kingdom) were coated with 100 ml of these
heat-killed whole meningococci (optical density at 600 nm of 0.1 in PBS) and
dried in an incubator overnight at 37°C without humidification. When all of the
solution had evaporated, the plates were washed with PBS-Tween 20 and
blocked for 1 h at 37°C with 1% skim milk powder (Oxoid) in PBS at 200 ml/well.
After washing, 100 ml of serum diluted in PBS–Tween–1% skim milk powder was
added at the optimal concentration for each ELISA (1/100 for IgG and IgM and

TABLE 1. Bactericidal antibody study subjects

Study group and
strain

No. of subjects
Median age (yr)

(range)Total ,1
yr

1–4
yr

4–10
yr

.10
yr

Postinfection 60 13 18 17 12 3.83 (0.42–16.83)
Group C 21 3 7 7 4 4.75 (0.7–13.25)

C:unknown 8
C:2a:NT 4
C2a:P1.5 5
C:2a:P1.5,2 1
C:NT:P1.2 1
C:NT:P1.5,2 1
C:NT:P1.5 1

Group B 26 7 8 4 7 2.67 (0.42–15)
B:unknown 3
B:15:P1.7,16 4
B:NT:P1.4 2
B:4:P1.4 6
B:4:P1.5 1
B:NT:NT 2
B:NT:P1.9 1
B:4:NT 1
B:4:P1.15 1
B:2b:P1.10 1
B:NT:P1.3,6 1
B:4:P1.3,6 2
B:4:P1.14 1

Control children 59 5 15 14 25 8.1 (0.75–16)

TABLE 2. Antibody study subjects

Study group and
strain

No. of subjects
Median age (yr)

(range)Total ,1
yr

1–4
yr

4–10
yr

.10
yr

Postinfection 71 15 25 22 9 3.2 (0.42–17.9)
Group C 29 4 9 11 5 4.9 (0.7–17.6)

C:unknown 7
C:2a:NT 4
C2a:P1.5 8
C:NT:P1.5,2 1
C:2a:P1.5,2 3
C:NT:P1.2 1
C:NT:NT 1
C:2a:P1.3,6 1
C:2b:P1.5,2 3

Group B 27 8 11 5 3 2 (0.42–17.9)
B:unknown 3
B:15:P1.7,16 4
B:NT:P1.4 1
B:4:P1.4 7
B:4:P1.5 1
B:NT:NT 3
B:4:NT 1
B:4:P1.15 1
B:2b:P1.10 1
B:NT:P1.3,6 1
B:4:P1.3,6 1
B:4:P1.14 1
B:NT:P1.9 1
B:NT:P1.19 1

Control children 109 4 15 40 50 9.00 (0.75–16)
Siblings 19 0 5 10 4 6.5 (1.08–17.5)
Adults 16 16 31.5 (27–40)
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1/25 for subclass ELISAs) and left for 1 h at 37°C. The plates were washed again
and incubated with (100 ml/well) mouse anti-human immunoglobulin (class or
subclass) horseradish peroxidase-conjugated antibody diluted in PBS–
Tween–1% skim milk powder for a further hour. After thorough washing, the
plates were developed with the substrate o-phenylenediamine dihydrochloride
(Sigma) at 10 mg/50 ml of citrate buffer with 10 ml of hydrogen peroxide (pH 5),
and the reaction was stopped with 2 M sulfuric acid. The absorbance was
measured in an automated ELISA plate reader (Thermomax microplate reader;
Molecular Devices, Menlo Park, Calif.) at 490 nm. Immunoglobulin concentra-
tions were calculated by using ELISA software (Softmax; Molecular Devices)
from a standard curve run in duplicate on every plate. The standard curve was
produced from doubling dilutions of an equal mixture of serum from an adult
volunteer with high antimeningococcal titers and commercially available immu-
noglobulin (Sandoglobulin; Phoenix Pharmaceuticals, Gloucester, United King-
dom). Antibody concentrations are reported as the concentration calculated
from the standard curve with background subtracted and are expressed in arbi-
trary units. Negative controls run on each plate were wells with no heat-killed
meningococci and wells with no serum. Positive controls were the standards and
two positive sera and were run on every plate.

Serum bactericidal assay. The serum bactericidal assay was performed as
described by Peeters et al. (36) with modifications. For each experiment the
strains of N. meningitidis were streaked from frozen stock onto separate GC agar
plates (gonococcal medium base; Difco) containing 1% Vitox (Oxoid). After
overnight incubation at 37°C in 5% CO2, the colonies were harvested onto fresh
GC agar plates and incubated for a further 4 h to the exponential phase of
growth (11, 28). After 4 h, the colonies were harvested into 10 ml of PBS and
adjusted to an optical density at 600 nm of between 0.22 and 0.24. The suspen-
sion was then diluted to a working concentration of 105 CFU/ml in Gey’s
balanced salt solution (Gibco, Paisley, United Kingdom) supplemented with 1%
(wt/vol) bovine serum albumin (Sigma) (GBSS-BSA). Test sera were heat inac-
tivated for 30 min at 56°C in a water bath. Doubling dilutions of sera were made
in GBSS-BSA in polystyrene V-bottom microtiter plates (Greiner, Stonehouse,
United Kingdom), and bacteria were added to the wells and incubated at room
temperature for 10 min. Finally, 6 ml of either 25% baby rabbit complement in
GBSS (Serotec, Oxford, United Kingdom) or undiluted human serum was added
to the wells as the complement source. The final volume in each well was 24 ml,
consisting of 12 ml of serum diluted in GBSS-BSA, 6 ml of bacteria suspended in
GBSS-BSA, and 6 ml of complement. Controls included wells with no comple-
ment, wells with no serum, and a positive serum control with serum from an adult
with serum bactericidal activity against all test strains. A time zero plate (100%
survival plate) was then prepared by spotting 7 ml from the control samples with
buffer, bacteria, and complement onto a GC agar plate containing 1% Vitox. The
microtiter plate was then incubated for 60 min at 37°C in 5% CO2 before 7 ml was
harvested from each well onto a square-formed GC agar plate containing 1%
Vitox by using a multichannel pipette.

After overnight incubation at 37°C in 5% CO2, the colonies from the time zero
and 1-h plates were counted, and the reciprocal of the titer yielding $50% killing
was reported. The lowest titer used was 1:4, and for analysis sera showing titers
of ,1:4 were assigned the titer 1:2.

Statistical methods. Data were analyzed by using the statistical software pack-
age Epi Info (Centers for Disease Control and Prevention, Atlanta, Ga.), and the
Kruskal-Wallis test was employed throughout for testing the differences between
groups. For the serum bactericidal assays, the geometric mean titers were cal-
culated by using Excel (Microsoft) and statistical analysis was performed by using
the natural logarithms of the reciprocals of the absolute bactericidal titers.

RESULTS

Serum bactericidal assay. Preliminary experiments estab-
lished that organisms from stationary phase (added to the
assay mixture directly from overnight growth on GC plates)
were highly sensitive to both human and baby rabbit comple-
ment in this system. Therefore, plate-grown organisms in log
phase (4 h after subculture from an overnight culture on GC

agar) were used for the assay as recommended by Maslanka et
al. (28).

A donor with no serum bactericidal activity against MC58
was identified as a human complement source for the study.
However, the strains derived from H44/76 proved to be highly
sensitive to the serum from this individual as well as to several
others tested. Baby rabbit complement was therefore used as
the complement source for these strains, and human comple-
ment was used for assays with MC58.

Bactericidal activity against strains derived from H44/76
with rabbit complement. (i) Bactericidal activity after infec-
tion. Following meningococcal infection, infants under 1 year
of age had no detectable bactericidal activity against the six
strains tested (geometric mean titer of ,1:4 for all strains)
(Fig. 1a). Children from 1 to 10 years of age had significantly
greater titers than the infants (P , 0.005 for all six strains),
with geometric mean titers in this age group of between 1:9
and 1:36 for the different strains. The spread of titers showed
no systematic difference when results from 1- to 4-year-olds
were compared with those from children aged 4 to 10 years
(P . 0.1). After infection, children over 10 years of age had the
highest titers (1:23 to 1:225). In all age groups there were
individual variations in bactericidal activity and intraindividual
variations in bactericidal activity against strains expressing dif-
ferent serosubtype antigens.

(ii) Bactericidal activity in control children. Bactericidal
antibody levels in control children under 10 years of age were
not significantly different from the levels seen in the children
after infection (Fig. 1b). Between 1 and 10 years of age there
was a trend to higher bactericidal antibody levels in children
after infection compared with controls, but this only reached
significance for two strains in the 1- to 4-year age group
(P1.7,16, P 5 0.03; P1.5,2, P 5 0.01). Control children over 10
years of age had significantly lower bactericidal titers than
children after infection (P , 0.01 for all six strains). There was
no significant increase in geometric mean titer with age in
control children (P . 0.05).

(iii) Bactericidal activity in relation to strain of N. meningi-
tidis. There was no significant difference in bactericidal activity
between the children who had infections with serogroup B N.
meningitidis infection and those who had serogroup C infec-
tions (P . 0.05), regardless of age. Indeed, there was no sig-
nificant relationship between the serosubtype of the infecting
strain and the bactericidal response. The highest bactericidal
titers were directed against strains expressing P1.5,2 and
P1.5c,10 in children .10 years for both control children and
convalescent children and against P1.7h,4 in the older children
after infection.

Bactericidal activity against strain MC58 with human com-
plement. Only children under 1 year of age and children $10
years of age were studied. With human serum as the comple-
ment source and MC58 as the target strain, the sera from
children under 1 year of age did not kill meningococci in the

TABLE 3. Strains

Strain Derivation Serosubtype Donor strain Reference(s)

H44/76 Parent strain B:15:P1.7,16 22
TR52 Exchange with P1.5,2 allele B:15:P1.5,2 2996 (B:2b:P1.5,2) 36, 52
TR15 Exchange with P1.19,15 allele B:15:P1.19,15 MC51 (C:nt:P1.19,15) 36
TR10 Exchange with P1.5c,10 allele B:15P1.5c,10 870227 (B:4:P1.5c,10) 36
TR4 Exchange with P1.7h,4 allele B:15:P1.7h,4 892257 (B:4:P1.7h,4) 36
TR1213 Exchange with P1.12,13 allele B:15:P1.12,13 870446 (B:14:P1.12,13) 36

MC58 B:15:P1.7,16b 29
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FIG. 1. Serum bactericidal activity against six different PorA variants of N. meningitidis in sera. Geometric mean bactericidal titers and standard errors of the means
either after meningococcal infection (a) or in healthy children (b) are reported in relation to age.
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bactericidal assay (mean titer, ,1:4). Children over 10 years of
age had mean bactericidal titers of 1:16, but the titers ranged
from 1:2 to 1:256 (Table 4).

Percentage of children with bactericidal titers of >1:4. The
results of this study were compared with the bactericidal titers
found in children in the United States by Goldschneider et al.
(13). They considered a bactericidal titer of $1:4 to reflect
immunity. Applying this definition to our patients, immunity
rose from 8 to 23% (depending on the target strain) in children
under 1 year to 75 to 100% in those over 10 years of age after
infection. Among control children, 20 to 40% of infants and 28
to 68% of those over 10 years of age were immune.

Immunoglobulin levels. Children with proven meningococ-
cal infection had significantly greater levels of antimeningococ-
cal total IgG (94 6 34 U) (Fig. 2a), IgG1 (498 6 83 U) (Fig.
2b), and IgG3 (662 6 91 U) (Fig. 2d) than controls (45 6 4
[P 5 0.01], 204 6 44 [P , 0.000001], and 273 6 52 [P ,
0.000001], respectively). Conversely, IgG2 (93 6 31 U) (Fig.
2c), IgG4 (202 6 62 U) (Fig. 2e), and IgM (421 6 72 U) (Fig.
2f) were not significantly raised at 9 weeks (median) following
natural infection compared with controls (112 6 20, 155 6 41,
and 476 6 58 U, respectively). There was no difference in the
level of total IgG or IgG subclass antibody to strain H44/76
between sera from children following serogroup B or C me-
ningococcal infection. There was also no significant difference
in ELISA antibody level among children who had recovered
from infection with different serogroup B strains, although
there was a trend to higher antibody levels in children after
B:15:P1.7,16 infection.

There was no correlation between age and IgG1 or IgG3
antibody level in children who had meningococcal disease (age
range, 0.42 to 17.9 years) or in control children (0.75 to 16
years) (Fig. 2b and d). Children under 1 year of age had lower
levels of IgG2 (47 6 29 U) (Fig. 2c) and IgG4 (69 6 26 U) (Fig.
2e) after infection than children over 1 (106 6 32 U [P 5 0.02]
and 238 6 62 [P 5 0.02], respectively), although these were not
different from the levels seen in controls. Adults had higher
levels of IgG2 (209 6 150 U) than convalescent children or
pediatric controls (123 6 29 U [P , 0.001]) (Fig. 2c). Control

children .4 years of age had higher levels of IgG2 than those
under 4 (118 6 21 and 61 6 21 U, respectively [P 5 0.01]) and
also higher levels of IgG4 (171 6 52 and 96 6 66 U [P 5
0.013]) and IgM (538 6 70 and 251 6 49 U [P 5 0.0001]).

Siblings of children who had recovered from meningococcal
disease had antibody levels similar to those of unrelated con-
trol children.

IgM levels were lower in children under 1 year of age after
serogroup B infection (135 6 54 U) than after serogroup C
infection (313 6 114 U) (P 5 0.02). This difference was not
apparent in older children and was unrelated to the time of
sampling after infection.

DISCUSSION

This study demonstrated a striking relationship between age
and immune responses to N. meningitidis following invasive
infection. Serum bactericidal responses in children following
infection increased with age despite the finding that children of
all ages, including infants, produced similar levels of specific
total IgG and IgG1 and IgG3 subclasses in response to menin-
gococcal infection.

The 13 infants under age 1 year studied had very low bac-
tericidal titers, there were significantly higher titers in 35 1- to
10-year-olds, and the highest titers were in the 12 children over
10 years of age. This finding of a lack of bactericidal response
to infection in infants is supported by another study in which
three infants had no bactericidal activity following mild menin-
gococcal infection (4). Griffiss et al. (18) also found that fol-
lowing serogroup C infection, a 4-month-old infant had no
detectable bactericidal activity against the infecting strain in
convalescence. However, in contrast to the findings presented
here, they also noted that all of 25 children infected with
serogroup B meningococci developed bactericidal antibody
following infection, but the ages of the children were not spec-
ified (18). In another study, Idanpaan-Heikkila et al. (23)
found only 21% of teenagers who recovered from meningo-
coccal infection developed serum bactericidal activity to a test
strain (B:15:P1.7,16) in an assay based on human complement,

TABLE 4. Individual bactericidal titers against strain MC58 with human complement and against strain H44/76 and serosubtype B:15P1.5,2
with baby rabbit complement after meningococcal infection in children under 1 year of age or over 10 years of age

Group and serum no. Age (yr)
of child

Reciprocal titer with the following complement source and target strain:

Human 1, MC58
(B:15:P1.7,16b)

Human 2, MC58
(B:15:P1.7,16b)

Rabbit, H44/76
(B:15:P1.7,16)

Rabbit,
B:15:P1.5,2

Children ,1 yr
M2615 0.42 2 2 2 4
M2383 0.58 2 2 2 2
G3084 0.67 2 2 2 4
M2605 0.72 2 2 2 2
M2598 0.75 2 2 2 2
M2486 0.92 2 2 2 2

Geometric mean 2 2 2 2.5

Children .10 yr
M2699 10.9 2 2 1,024 1,024
G3458 11.45 4 4 32 512
G0969 12.1 256 256 32 1,024
N0171 12.6 2 16 2 1,024
G3905 12.7 4 4 16 512
M2514 13.1 32 32 256 128
M2515 13.25 32 16 128 256
T0183 15 64 64 128 256
M2595 16.8 64 64 2 16

Geometric mean 16.0 18.6 40.3 322.5
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but nearly 80% of teenagers in our study produced bactericidal
activity. However, in the study of Idanpaan-Heikkila et al. (23),
all teenagers infected with an organism homologous to the test
strain produced bactericidal antibody. Similarly, in our study,

there was one child over 10 years of age infected with a B:15:
P1.7,16 strain, and he had high bactericidal titers against the
homologous test strain. However, infants seem to be different.
The two infants in our study who were previously infected with

FIG. 2. Whole-cell ELISA antibody levels against strain H44/76 in children with meningococcal infection, controls, siblings of children with meningococcal infection,
and adults in relation to age. Means of the antibody concentration and standard errors of the means are reported for total IgG (a), IgG1 (b), IgG2 (c), IgG3 (d), IgG4
(e), and IgM (f).
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B:15:P1.7,16 strains did not produce bactericidal activity
against the homologous strains (H44/76 or MC58). Further-
more, the porA genes of most infecting strains were expressed
in at least one of our target strains, but there was no activity in

any infant against strains bearing the homologous PorA. There
was insufficient serum to test activity against the patient’s own
strains, but these may express relevant bactericidal epitopes
other than those used in serological typing.

FIG. 2—Continued.
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The lack of bactericidal antibody found in these infants after
infection is in accord with the poor responses noted in young
children after vaccination with OMP or OMV vaccines (6, 10,
35). However, one study which examined serum bactericidal

activity following vaccination with the Norwegian OMV vac-
cine in South America found a significant rise in bactericidal
activity, although responses seemed to be limited to the vac-
cine strain (50). There may be important differences between

FIG. 2—Continued.
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our population and the children included in these vaccine
trials. Such differences include the route of immunization (na-
sopharyngeal versus intramuscular), the nature of the immuno-
gen (live organisms versus OMVs), and possibly the individu-
al’s immunological background, since our children were
susceptible to infection with N. meningitidis (but none were
complement deficient). The lack of bactericidal activity against
the strains in infants in the present study does not rule out the
possibility that these infants might have such activity against
their own infecting strain. However, it is clear that there is no
cross-reactive bactericidal activity in this age group.

The observed age-dependent changes in bactericidal activity
in our study parallel the well-recognized age-related responses
to T-independent polysaccharide antigens. It has been sug-
gested that the predominant anti-B meningococcal bactericidal
antibody when the complement source is rabbit complement is
directed against B polysaccharide and is of the IgM class (26,
27, 49, 59) and that this is not a target for bactericidal activity
when human complement is used (57, 58). This antipolysac-
charide bactericidal activity can be blocked with serogroup B
polysaccharide that may nonspecifically interfere with binding
of complement to opsonizing antibody (18). In contrast, others
have found that most bactericidal activity, even with rabbit
complement, is directed against noncapsular antigens (18, 24,
26), and even human complement binds anti-B polysaccharide
IgM under the right assay conditions (26). The situation in vivo
remains unclear.

In our study bactericidal antibody does not seem to be re-
lated to the presence of serogroup B polysaccharide, since the
levels produced by patients infected with documented sero-
group C organisms were not significantly different from the
levels in those who had had serogroup B infections. The bac-
tericidal activity after infection was related to the serosubtype
antigen, with the highest titers against P1.(7),4, P1.5c,10, and
P1.5,2. All six strains had the same genetic background (H44/
76) apart from their porA gene, and they all possessed sero-
group B capsule and lipopolysaccharide (L3,7,9), suggesting
that the differences in bactericidal response were directed
more against the differences in their class 1 OMPs than against
those in other structures. This has also been suggested by
Kasper et al. (24), who found that bactericidal activity in con-
valescent-phase sera correlated best with titers of antibodies to
serotype antigens. Moreover, the age dependency persisted in
our study even with human complement, such that infants
under 1 year of age had no bactericidal response to infection
with MC58, while 80% of those over 10 years of age had
bactericidal activity against this strain.

There may be both bacterial strain and human population
differences in acquisition of bactericidal activity as measured in
healthy children. Goldschneider et al. (14) showed an age-
related acquisition of bactericidal activity against a single test
strain, such that 80% of children had bactericidal activity of
$1:4 by 12 years of age. In contrast, in the United Kingdom,
Zorgani et al. (60) found that only 25% of 106 healthy 12- to
18-year-olds had bactericidal titers of $1:4 to three different
serogroup B strains, using human complement. This is similar
to data presented here that show bactericidal titers of $1:4
against strain H44/76 in 28% of children over 10 years of age.
However, 68% in our study had bactericidal titers of $1:4
against strain B:15:P1.5,2. In the control children as well as in
children after infection, the highest titers were directed against
strains with P1.5,2, P1.5c,10, and P1.(7),4 as the PorA protein,
which could reflect immunity arising from carriage as a result
of the increased circulation of strains expressing these proteins
in recent years in the United Kingdom (34).

Even the youngest infants produced high levels of IgG1 and

IgG3 subclass antibody against whole meningococci despite
documented deficiencies in antibody production in response to
other pathogens (12). Others have also found increased levels
of IgG1 and IgG3 after infection (20, 48) and vaccination (32).
In our study levels of IgM, IgG2, and IgG4 were not elevated
in response to infection compared with levels in controls, and
the youngest children had the lowest levels of these antibodies.
Therefore, it seems unlikely that these antibodies are impor-
tant in the acquisition of immunity to meningococci after in-
fection, although they may play a part in the development of
natural immunity. Granoff et al. (15) also found lower IgM
levels in convalescent sera from children aged 3 to 9 years than
in older children and adults. Since a deficiency of IgG2 causes
enhanced susceptibility to encapsulated bacteria, including me-
ningococci (5, 41, 46, 51), low levels of IgG2 in the youngest
children may be an important factor reflected in the age-de-
pendent incidence of disease. IgG4 does not activate the clas-
sical complement pathway but could be important in vivo in
phagocytosis or alternative pathway activation. Kristiansen et
al. (25), measuring total IgG, found that levels in Norwegian
children were low until 12 to 15 years of age and then steadily
increased. They did not undertake subclass analysis, but based
on the data here, we speculate that they would have found that
the increase correlated with a rise in IgG2 and IgG4 with age.

Our data showed no differences in the anti-B:15:P1.7,16 IgG
antibody level in children infected with serogroup B or sero-
group C meningococci, although the level of IgM was slightly
lower in infants after infection with serogroup B organisms.
This suggests that most antibody is directed at noncapsular
conserved epitopes on the organism. It has been shown before
that anti-serogroup B meningococcal antibody is directed
against surface-exposed and not strain-specific epitopes (20,
42). There was also little difference in the level of antibody
among children who had recovered from infection with differ-
ent B strains, although there was a nonsignificant trend to
higher antibody levels in children after B:15:P1.7,16 infection.

This study has shown striking age-dependent differences in
the bactericidal response to infection with N. meningitidis,
which parallel the poor protection afforded to young children
in several serogroup B meningococcal vaccine studies (6, 10,
35, 47). Epidemiological data also show that susceptibility to
infection is greatest in young children (13, 34). These differ-
ences were not related to levels of IgG subclasses or IgM. The
failure of young children to develop bactericidal antibodies
after infection, despite similar levels of immunoglobulin sub-
classes, might be explained by differences in antibody specific-
ity, affinity, or avidity. Understanding whether the differences
lie in the T-cell help for antibody production or in the cytokine
milieu which directs the elaboration of specificity, affinity, or
avidity of antibody may be the key to developing immunogenic
vaccines for infants.
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